A sensitive and specific detection method was developed for Xanthomonas hyacinthi; this method was based on amplification of a subsequence of the type IV fimbrial-subunit gene fimA from strain S148. The fimA gene was amplified by PCR with degenerate DNA primers designed by using the N-terminal and C-terminal amino acid sequences of trypsin fragments of FimA. The nucleotide sequence of fimA was determined and compared with the nucleotide sequences coding for the fimbrial subunits in other type IV fimbria-producing bacteria, such as Xanthomonas campestris pv. vesicatoria, Neisseria gonorrhoeae, and Moraxella bovis. In a PCR internal primers JAAN and JARA, designed by using the nucleotide sequences of the variable central and C-terminal region of fimA, amplified a 226-bp DNA fragment in all X. hyacinthi isolates. This PCR was shown to be pathovar specific, as assessed by testing 71 Xanthomonas pathovars and bacterial isolates belonging to other genera, such as Erwinia and Pseudomonas. Southern hybridization experiments performed with the labelled 226-bp DNA amplicon as a probe suggested that there is only one structural type IV fimbrial-gene cluster in X. hyacinthi. Only two Xanthomonas translucens pathovars cross-reacted weakly in PCR. Primers amplifying a subsequence of the fimA gene of X. campestris pv. vesicatoria (T. Ojanen-Reuhs, N. Kalkkinen, B. WesterlundWikström, J. van Doorn, K. Haahtela, E.-L. Nurmiaho-Lassila, K. Wengelink, U. Bonas, and T. K. Korhonen, J. Bacteriol. 179: 1280-1290, 1997) were shown to be pathovar specific, indicating that the fimbrial-subunit sequences are more generally applicable in xanthomonads for detection purposes. Under laboratory conditions, approximately 1,000 CFU of X. hyacinthi per ml could be detected. In inoculated leaves of hyacinths the threshold was 5,000 CFU/ml. The results indicated that infected hyacinths with early symptoms could be successfully screened for X. hyacinthi with PCR.
Xanthomonas belongs to the phytopathogenic bacterial family Pseudomonaceae. Xanthomonas species are subdivided into pathovars, and many of these infect economically important crop plants. Xanthomonas hyacinthi causes yellow disease in Hyacinthus (55) and in related members of the Liliaceae, such as Scilla, Muscari, and Puschkinia (28) . X. hyacinthi is easily spread in the field from the focus of infection by wind and rain or by wounding of bulbs during mechanical sorting in the presence of diseased bulbs. Therefore, the development of a fast and specific test to ascertain whether symptoms are caused by this yellow-pigmented bacterium is of utmost importance to hyacinth growers.
Many techniques to classify or identify Xanthomonas species and their pathovars are available. Techniques based on unique biochemical features (10) , membrane protein profiles as determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (9) , and immunoassays (2, 5, 6 ) are now being replaced by DNA techniques. The DNA assays are based mainly on fingerprinting methods, such as 16S ribosomal DNA amplification (35) , ribosomal DNA gene restriction pattern analysis (8) , and analysis of restriction fragment length polymorphisms of DNA (33, 53) , which sometimes are combined with SDS-PAGE of membrane proteins (43) , nucleic acid probe analysis (14, 22, 59) , and genomic fingerprinting with repetitive sequences (7, 34) or with random amplified polymorphic DNA PCR (41) . However, these methods are not suitable for fast and specific detection, as they require in most cases time-consuming isolation and cultivation of the bacteria in question. In the case of X. hyacinthi, immediate action is needed when field samples of hyacinth plants with symptoms are positive. Instant destruction of plants growing in the area surrounding an infection spot prevents further spread of this contagious disease.
Recently, X. hyacinthi-specific monoclonal antibodies were developed (57) . One group of these monoclonal antibodies recognizes the O-antigen of the lipopolysaccharide of X. hyacinthi and is now used by the Dutch Bulb Inspection Service in an enzyme-linked immunosorbent assay (ELISA) format to detect yellow disease in hyacinths. The threshold for the number of bacteria that can be detected in samples is 5 ϫ 10 5 CFU (57) . In practice, this is sufficient to detect X. hyacinthi in most samples. However, during early stages of yellow disease, fewer bacteria can be present. Therefore, a more sensitive diagnostic test to ascertain whether the first lesions are caused by X. hyacinthi rather than by physical causes or plant stress is needed.
Recently, it has been found that X. hyacinthi and other Xanthomonas species and pathovars express type IV fimbriae (56) . This type of fimbriae has been found in numerous bac-terial species that infect animal and human hosts. Many aspects of the structure of these fimbriae and their role in pathogenesis (for instance, their role in attachment and motility), as well as the organization of the corresponding genes, have been studied extensively (40, 51, 54) . However, very little is known about the function of the type IV fimbriae in the plant-pathogenic bacterium Xanthomonas. These extracellular polymers consist of identical protein subunits with molecular masses of 15.5 to 18 kDa (39, 56) . In different pathovars these subunits have different molecular masses. This fact, together with the finding that most of the antifimbrial monoclonal antibodies that have been developed are pathovar specific (57) , supports the theory that the type IV fimbria antigens of different xanthomonads contain unique, variable, and immunodominant regions. This has also been found for type IV fimbriae expressed by Neisseria gonorrhoeae (19) , Moraxella bovis (20) , and Dichelobacter nodosus (17) . Thus, one practical use of the corresponding variable DNA sequences of the X. hyacinthi fimbrial-subunit gene could be in the design of specific primers for a sensitive PCR assay.
In this study we developed primers that were designed by using the type IV structural fimbrial-subunit gene. We found that even a very low number of X. hyacinthi cells can be detected with a PCR assay based upon specific amplification with these primers of part of the variable region of the structural fimbrial-subunit gene coding for the 17-kDa protein. Also, another xanthomonad, Xanthomonas campestris pv. vesicatoria, could be detected by specific amplification with nested primers located in the X. campestris pv. vesicatoria fimA gene, revealing a promising strategy for universal detection of Xanthomonas pathovars.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains used in this study are listed in Table 1 . Xanthomonas species were cultured at 28°C on nutrient agar (Oxoid, Basingstoke, Hampshire, United Kingdom). PCR-amplified DNA fragments were cloned by direct ligation into commercially prepared, linearized pCRII vectors as described by the manufacturer (Invitrogen Corporation, San Diego, Calif.) and were used for transformation of competent Escherichia coli INV␣ cells (Invitrogen). Liquid cultures of Xanthomonas species and pathovars for DNA extraction were grown in nutrient broth (Difco Laboratories, Detroit, Mich.) supplemented with 2 g of yeast extract (Oxoid) per liter at 28°C to the early stationary phase. Bacterial strains were stored on beads at Ϫ80°C in vials with cryopreservative fluid (Protect; STC Limited, Heywood, Lancashire, United Kingdom). E. coli was cultivated in Luria broth at 37°C (47) . Ampicillin was used to maintain selection for resistance at a final concentration of 50 g/ml. Shear fractions of bacterial cells were obtained as previously described (56) . For in vitro expression of amplicons cloned into vector pCRII, E. coli INV␣ containing this plasmid was cultured in the presence of 50 g of ampicillin per ml.
Fimbrial-subunit purification and amino acid sequencing of trypsin fragments. Fimbriae of X. hyacinthi S148 were isolated and purified by preparative gel electrophoresis as described previously (56) . Approximately 250 pmol of the 17-kDa fimbrial-subunit protein was digested twice with 5% (wt/wt) sequencing grade modified trypsin (Promega, Madison, Wis.) for 2 h at 37°C. Trypsin cleaves the peptide bond C terminus to arginine or lysine. Peptides present in the digest were separated by preparative reversed-phase high-performance liquid chromatography on a Nucleosil 10 C 18 column (2.1 by 150 mm). Sequencing of selected peptides was done with a semiautomated model 477A Sequenator (Applied Biosystems, Foster City, Calif.) by Eurosequence, Groningen, The Netherlands.
Immunological methods and pathogenicity tests. For controls, polyclonal rabbit antisera raised against X. hyacinthi S148 and against purified fimbriae, as well as fimbrial monoclonal antisera, were used in ELISA and immunoblotting experiments as described previously (57) . Immunogold labelling of bacterial cells for electron microscopic studies was carried out as described previously (57) . Hyacinth cultivars Pink Pearl and Delfts Blue were used for pathogenicity tests.
The cultivars were maintained in a greenhouse with a day-night regimen of 12 h of light (25°C; relative humidity, 70%) and 12 h of darkness (10°C; relative humidity, 90%). The X. hyacinthi isolates used for inoculation were grown on agar plates for 48 h at 28°C, harvested and washed in phosphate-buffered saline, and diluted (10 7 CFU/ml) in sterile tap water (57) . Leaves were spray inoculated with the diluted bacterial preparation or with phosphate-buffered saline as a control. After 2 weeks, the first lesions became visible (55), and leaf material was then collected for experimental use.
DNA amplification. In vitro amplification of DNA was carried out with an Omnigene thermal cycler (Hybaid, Teddington, Middlesex, United Kingdom). Optimization of the PCR was performed by using a PCR Optimizer kit (Invitrogen). The nucleotide analog 7-deaza-2Ј-deoxyguanosine 5Ј-triphosphate (27) at an analog-to-GTP ratio of 1:3 was added to the nucleotide mixture because of the high GϩC content (69%) of X. hyacinthi DNA (58) . The reaction mixture contained 10 l of a mixture containing 300 mM Tris-HCl (pH 9.0 at 20°C), 75 mM (NH 4 ) 2 SO 4 , and 10.0 mM MgCl 2 , each deoxynucleoside triphosphate (HT Biotechnologies Ltd., Cambridge, United Kingdom) at a concentration of 200 M, 50 pmol of each primer, and 1.5 U of AmpliTaq DNA polymerase (Roche Molecular Systems, Inc., Branchburg, N.J.). For amplification with degenerate primers, a touchdown PCR cycle protocol (15) was used, in which the annealing temperature was decreased by 1°C in each cycle for the first 10 cycles. After an initial denaturation step of 5 min at 96°C, the first 10 cycles consisted of denaturation for 30 s at 95°C, annealing for 1 min at 60 to 51°C, and extension for 1 min at 72°C. Subsequently, another 30 cycles of 30 s at 95°C, 1 min at 51°C, and 1 min at 72°C were performed, followed by a final 5-min extension step at 72°C. For amplification of X. hyacinthi fimA with primers designed by using the nucleotide sequence of fimA (see below), the PCR buffer system of HT Biotechnologies was used with 0.5 U of SuperTaq (HT Biotechnologies). Amplifications used to clone amplicons were carried out with 1.0 U of Taq DNA polymerase (Gibco BRL Life Technologies, Breda, The Netherlands).
For PCR analysis of X. hyacinthi in plant extracts or bacterial whole-cell preparations, SuperTaq and the corresponding buffer system (HT Biotechnologies) were used. Amplified DNA fragments were analyzed on 1.4% agarose gels by standard gel electrophoresis procedures (47) .
To obtain the 5Ј-terminal nucleotides and the flanking sequences of fimA, an inverse PCR was carried out as previously described (26) . Total DNA from X. hyacinthi S148 was digested with DraII, purified by phenol-chloroform extraction, and ligated with T4 DNA ligase (Pharmacia LKB, Uppsala, Sweden) as previously described (47) . This fraction was used as the template in a PCR with nested inverse primers located in fimA (see below). For amplification in inverse PCR, a High Fidelity kit (Boehringer GmbH, Mannheim, Germany) was used; the reaction conditions were 35 cycles consisting of 30 s at 96°C, annealing at 60°C for 45 s, and extension at 68°C for 2 min, followed by final extension for 10 min at 72°C.
DNA manipulations and hybridization. Bacterial genomic DNA was isolated as described by Chen and Kuo. (12) . For Southern hybridization, approximately 2 g of bacterial genomic DNA was digested with PvuII, subjected to electrophoresis in 0.9% agarose gels, and transferred to a positively charged nylon membrane (Boehringer) by standard procedures (47) . The hybridized DNA was detected according to the instructions of the manufacturer (Boehringer) by using the digoxigenin (DIG) nonradioactive nucleic acid labelling and detection system. Amplicons were labelled during PCR with DIG-dUTP by using a PCR DIG probe synthesis kit (Boehringer). DIG-labelled amplicons were used as probes for experiments after they were made single stranded by boiling for 10 min, followed by chilling in ice. Blots were incubated with the labelled probes for 16 h at 65°C in hybridization solution (Boehringer). The membranes were prewashed twice at room temperature with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 1% (wt/vol) SDS for 5 min, and this was followed by two stringency washes with 0.1ϫ SSC-0.1% SDS for 15 min at 65°C. Chemiluminescent detection of the hybridized probes was carried out by using the instructions of the manufacturer (Boehringer) and CPD-Star as the detection reagent. Emitted light was recorded on X-ray film (Kodak Biomax MS-1; Eastman Kodak Co., Rochester, N.Y.).
Sequencing analysis, computer programs, and nucleotide sequence accession number. The nucleotide sequences of PCR fragments cloned into plasmid pCRII were determined by using a Thermo Sequenase cycle sequencing kit (Amersham Pharmacia Biotech, Rainham, United Kingdom) and the M13 universal forward and reverse primers. The sequencing reaction mixtures were analyzed with a LiCor model 4000 automated sequencer (BaseClear, Leiden, The Netherlands). The PC/Gene 6.7 package (IntelliGenetics, Inc., Mountain View, Calif.) was used for comparing DNA sequences (CLUSTAL) and for designing specific primer sequences (PCRPLAN). To search for homologies, the nucleotide and amino acid sequences were compared with sequences in the GenBank databases by using BLAST (1) .
Processing of plants for PCR-mediated detection of X. hyacinthi in lesions. To evaluate leaf symptoms on hyacinths, leaf surfaces were cleansed with 70% ethanol. A 1-to 2-cm 2 area with symptoms was excised from each leaf and macerated. The homogenized leaf material was then incubated in 4 ml of 0.05 M Tris-HCl (pH 7.0) with 0.5% (vol/vol) Triton X-100 for 1 h in a rotary shaker (100 rpm). Subsequently, the bacteria in 1 ml of the sample were pelleted by centrifugation for 10 min at 13,000 rpm (Eppendorf); the pelleted bacteria were resuspended in 100 l of Tris-HCl buffer (pH 7.0). For PCR, 1 and 5 l of the suspension were used as templates; in some cases 50 l was used in an ELISA as previously described (57) .
Sensitivity of the PCR. To determine the detection limits of the X. hyacinthiand Xanthomonas vesicatoria-specific primers, 10-fold dilutions of X. hyacinthi S148 and X. vesicatoria NCPPB3240 harvested in the exponential phase of growth were prepared. Five microliters of each of the dilutions was used in a PCR as the template. The corresponding viable counts were determined by plating 50 l of each dilution on nutrient agar plates in triplicate and incubating the plates at 28°C for 2 days.
Nucleotide sequence accession numbers. The nucleotide sequence of fimA with flanking sequences has been deposited in the GenBank nucleotide sequence database under accession number AF281159; the partial fimbrial sequences of Xanthomonas translucens pv. cerealis and X. translucens pv. translucens have been deposited under accession numbers AF282629 and AF282630, respectively.
RESULTS

Design of primers.
To identify the fimA gene of X. hyacinthi, the amino acid sequence was required. The conserved N-terminal amino acid sequence of FimA was already known (56) . Degenerate primer N7 was designed on the basis of residues 7 to 14 of this sequence (Fig. 1, peptide I ). Internal and more C-terminal peptides were obtained by incubation of the purified 17-kDa fimbrial-subunit protein with trypsin. By using several isolated peptides a partial amino acid sequence was determined. Two peptides (Fig. 1 , peptides II and III) were selected, and their complete sequences were determined. An internal arginine residue was present in peptide III, indicating that it was only partially digested. Peptide III appeared to be the C-terminal fragment of FimA, as no amino acid was found after the final asparagine residue of this peptide.
In order to amplify the corresponding fimbrial-subunit gene fimA, degenerate oligonucleotides C2 and C3 were developed as reverse primers on the basis of the amino acid sequences of peptides II and III (Fig. 1) . For the variable bases of the coding triplet, a C/G/A/T wobble or, at the 3Ј side, an inosine was introduced into the DNA sequence. The N7-C2 and N7-C3 primer pairs were used in PCR.
Amplification of the fimA sequence. A PCR was carried out with purified, diluted total DNA of X. hyacinthi S148 as a template by using a touchdown PCR protocol (15) . With primers N7 and C2 an approximately 345-bp amplicon was obtained (Fig. 2, lane 1) . Primers N7 and C3 amplified an approximately 390-bp DNA fragment (Fig. 2, lane 2) . When other strains of X. hyacinthi (Table 1) were used in similar PCR experiments, the same results were obtained (data not shown). The largest amplicon, obtained with primers N7 and C3, was cloned into vector pCRII and sequenced. As expected, the sequence coded for the fimbrial-subunit gene (fimA) without the most N-terminal sequences (nucleotides 297 to 314) and the 12 most C-terminal bases (nucleotides 702 to 713). To obtain the most N-and C-terminal DNA base pairs, inverse nested primers B (nucleotides 470 to 494) and F (nucleotides 515 to 539) were designed on the basis of the internal sequence of fimA (Fig. 3) . Inverse PCR of circularized X. hyacinthi S148 chromosomal DraII fragments with the inverse nested primers amplified a 2,088-bp DNA fragment. This amplicon was cloned into vector pCRII, giving plasmid pCJO2, and was sequenced. After rearrangement of the sequence, we found that it contained the complete fimA gene together with a 1,317-bp upstream flanking sequence and a 354-bp downstream flanking sequence (GenBank nucleotide sequence database accession number AF281159). A subsequence of this 2,088-bp DNA fragment is shown in Fig. 3 . Characteristics of a typical type IV fimbrial gene were confirmed (51) . The fimA gene of X. hyacinthi S148 encoded a 139-amino-acid polypeptide with a calculated molecular weight of 14,339, which is somewhat less than the estimated molecular mass of FimA (approximately 17 kDa) (56) . The most N-terminal amino acid of the mature FimA peptide was a phenylalanine, which is normally found in type IV fimbriae. Four cysteine residues were present in the C-terminal half of the subunit protein, indicating that disulfide bridges were present. The leader sequence of FimA (MKRQQG) showed strong similarity to the leader sequences normally found for type IV fimbrial subunits in other bacteria (54) . A putative ribosome-binding site (3) was found 7 bases upstream from the translational initiation codon ATG. No other coding regions were found in this cloned DNA fragment, except for a putative protein coding region located 741 bp upstream from fimA (52 amino acids) (data not shown).
Expression of fimA in E. coli. To confirm that fimA encoded the fimbrial subunit of X. hyacinthi, E. coli INV␣ (Invitrogen) with plasmid pCJO2 was cultured in Luria-Bertani medium supplemented with ampicillin. Bacterial cells were harvested and, after SDS-PAGE, subjected to immunoblotting. After incubation of the membrane with the transferred bacterial components with antifimbrial polyclonal rabbit serum (56) and further developing of the immunoblot, a protein band at an apparent molecular mass of 17 kDa was visible (Fig. 4, lane 2) . This indicated that the fimA gene contained in pCJO2 was expressed in the E. coli K-12 strain; no FimA protein was detected in E. coli cells containing empty vector pCRII (Fig. 4,  lane 3 ). Immunogold labelling with antisera against X. hyacinthi fimbriae and gold-tagged conjugate revealed no fimbrial strands on the surface of the bacterial cells during electron microscopic studies of E. coli cells harboring the pCJO2 plas- DETECTION OF XANTHOMONAS WITH fimA-SPECIFIC PRIMERSmid. Also, no fimbrial subunits were found in the shear fraction of E. coli(pCJO2), as determined by SDS-PAGE and subsequent immunoblotting experiments. These findings indicated that the type IV fimbrial subunits of X. hyacinthi were not secreted to the cell surface and assembled into native fimbriae.
Comparison of the fimbrial sequence of X. hyacinthi with the sequences of other type IV fimbriae. The codons corresponding to the N-terminal amino acid residues and the internal and C-terminal trypsin peptide fragments (Fig. 1) were found in the DNA sequence of fimA, which confirmed that the fimbrialsubunit gene of X. hyacinthi S148 was cloned. The amino acid sequence of the fimbrial subunit was compared with other type IV sequences by searching the GenBank database using BLAST (1) (Fig. 5) . The highest levels of homology were found with the fimA-encoded fimbrillin of X. campestris pv. vesicatoria (39) and the pilin of Xanthomonas axonopodis pv. citri (52) (levels of identity, 47 and 48%, respectively). Levels of identity between 39 and 35% were found with type IV fimbrial-subunit sequences (Fig. 5 ) from Pseudomonas stutzeri (GenBank accession number AJ132364), Pseudomonas putida (13), M. bovis (20) , Pseudomonas aeruginosa (11) , and Vibrio cholerae (21) . As is characteristic for type IV fimbrial-subunit sequences, the highest level of homology was obtained for the first 30 N-terminal amino acid residues of the mature subunit protein (51) .
Development of nested primers for fimA. The N-terminal amino acid sequence of X. hyacinthi FimA shows high levels of homology not only with other fimbrial sequences but also with sequences of proteins of bacterial protein secretion systems and DNA uptake systems of gram-positive bacteria (16, 45) . To develop a specific PCR for detection of X. hyacinthi and to minimize possible cross-reactions with secretion genes of Xanthomonas and other bacteria (45), we developed primers in the variable part of the fimA gene (Fig. 3) . The 23-mer oligonucleotide JAAN (nucleotides 468 to 490) and the 24-mer oligonucleotide JARA (nucleotides 671 to 694) were tested with X. hyacinthi isolates. As expected, a 226-bp DNA fragment was amplified with X. hyacinthi S148 (Fig. 2, lane 4) and other X. hyacinthi strains (data not shown). To check the specificity of hyacinthi S148 crude fimbrial preparation. For developing the immunoblot, rabbit antiserum (2 l/ml) raised against purified fimbriae from X. hyacinthi S148 was used. The arrow indicates the 17-kDa fimbrialsubunit protein.
the primers, a large collection of plant-pathogenic bacterial strains, including strains of Xanthomonas spp. and their pathovars (Table 1) , were tested in PCR performed with primers JAAN and JARA. None of the strains reacted with the primers; only X. translucens pv. cerealis LMG679 (data not shown) and X. translucens pv. translucens LMG876 (Fig. 6, lane 18) showed weak amplification. To assess the level of homology, the X. translucens pv. translucens fimA gene was amplified with primers N7 and C2. Degenerate primers N7 and C3 did not give any amplification, which reflected differences in the DNA sequence of the X. translucens fimA gene at least on the 3Ј side of C3. The approximately 350-bp fragment was cloned in pCRII and sequenced. A comparison with the DNA sequence of X. hyacinthi revealed that the internal 348-bp fimA sequence from X. translucens pv. translucens showed high homology (90% identity) to the X. hyacinthi sequence. The corresponding FimA amino acid sequence showed that only five amino acids (GenBank accession number AF282630) were different; the translated internal fimA sequence (390 bp) of X. translucens pv. cerealis differed at 10 amino acids (GenBank accession number AF282629).
Hybridization of a fimA fragment with X. hyacinthi strains and other Xanthomonas spp. and pathovars. To determine whether a single copy or multiple copies of the structural gene coding for the fimbrial subunit are present in the chromosome, as found for some other type IV-producing bacteria, such as X. campestris pv. vesicatoria (39) , and to make sure that no other sequences are recognized, DNA hybridization experiments were carried out. PvuII-digested genomic DNA of X. hyacinthi strains and Xanthomonas spp. and pathovars and DNA from other plant-pathogenic bacteria were used in these experiments. The membranes were probed with the DIG-labelled 226-bp internal fimA DNA fragment amplified with primers JAAN and JARA. The probe hybridized with an approximately 4.5-kb PvuII DNA fragment in X. hyacinthi S148 and with a 0.48-kb AluI DNA fragment (Fig. 7B) . The latter DNA Fig. 3 . The other X. hyacinthi isolates showed the same hybridization patterns with the 226-bp probe as strain S148 (data not shown); no signal was obtained for other bacteria tested (Fig. 7A) , except for one strain of X. translucens pv. translucens; a 2.0-kb PvuII DNA fragment from strain LMG876 hybridized weakly with the fimA probe (data not shown). Surprisingly, other X. translucens pv. translucens strains, as well as X. translucens pv. cerealis LMG 679, did not hybridize with the probe under the hybridization conditions used (data not shown). Sensitivity of PCR-mediated detection of X. hyacinthi. The sensitivity of amplification of the specific DNA fragment of X. hyacinthi isolates was determined by using 10-fold dilutions of a bacterial suspension of strain S148. After PCR with primers JAAN and JARA, as few as 5 cells (1,000 CFU/ml), as estimated by viable counting of corresponding dilutions, could be detected in agarose gels (Fig. 8, lane 18) .
The sensitivity was also tested for detection of X. hyacinthi in hyacinth leaves with symptoms. Leaf samples from hyacinths with early symptoms of yellow disease were homogenized, diluted, and used in PCR as templates. The sensitivity of the PCR with primers JAAN and JARA appeared to be 5,000 CFU/ml (data not shown). This PCR assay proved to be about 100 times more sensitive, than the direct antibody sandwich (DAS)-ELISA (57) performed with monoclonal antibody 2E5 specific for X. hyacinthi (detection limit with leaf samples, about 500,000 CFU/ml [57] ).
General application of type IV fimbrial sequences: identification and detection of X. vesicatoria. The structural gene coding for the (major) subunit of type IV fimbriae might be used for PCR-mediated detection of other Xanthomonas species at the pathovar level. To test this hypothesis, we developed primers for the recently published fimA sequence of X. campestris pv. vesicatoria NCPPB3240 (39) . Oligonucleotide 5Ј-GCCTC GCTGAGATCAATCCTGG-3Ј at nucleotides 382 to 403 and oligonucleotide 5Ј-TGTCACCTTCTTGCCCACAACC-3Ј at nucleotides 563 to 584 amplified a 202-bp DNA fragment in the fimA coding region of X. campestris pv. vesicatoria NCPPB3240. However, not all X. campestris pv. vesicatoria strains showed amplification products (Fig. 9A) . Further studies showed that only group A strains (50) were recognized by these primers. This group, including X. campestris pv. vesicatoria NCPPB 3240, has recently been reclassified as X. vesicatoria, and the nonreacting strains (formerly group B) have now been classified as X. axonopodis pv. vesicatoria (30) . The other Xanthomonas isolates listed in Table 1 did not cross-react with the primers developed in this study (data not shown). This confirmed the specificity of the X. vesicatoria fimA sequence. The sensitivity limit of this PCR, as determined under laboratory conditions, was approximately 400 CFU/ml (data not shown).
DISCUSSION
In this study we characterized the fimA structural fimbrialsubunit gene of X. hyacinthi and developed a detection assay based on amplification of the hypervariable central and Cterminal region of this fimA gene. The presence of fimA homologs in X. hyacinthi was examined by performing hybridization studies (Fig. 7A) . When AluI-digested X. hyacinthi DNA was probed with the labelled 226-bp fimA fragment, only a 0.48-kb DNA fragment hybridized (Fig. 7B) , indicating the presence of one fimA homolog. Other type IV fimbria-producing bacterial species, such as P. aeruginosa, class I D. nodosus and V. cholerae, also possess a single structural subunit gene (54) . However, this does not eliminate the possibility that there are more subunit gene homologs, as found in X. campestris pv. vesicatoria (39) and the bacterial species M. bovis and Eikenella corrodens (51) . In X. hyacinthi, another subunit gene might be present downstream of fimA or show too little homology to fimA to be detected. Interestingly, the GϩC content of the fimA gene (56%) is significantly lower than the overall GϩC content of the Xanthomonas genome (69%). There are indications that horizontal transfer of the genes could have occurred (49) .
Translation of the nucleotide sequence of part of the 2,088-bp fragment showed that FimA was preceded by a putative 6-amino-acid leader sequence. The antigenic area of type IV fimbriae is located predominantly in the disulfide loop at the carboxy terminus which is exposed at the tip of the fimbriae (40); for X. hyacinthi FimA this is the peptide sequence EKLRPA. An RpoN-dependent promoter ( 54 ) was located upstream from fimA (Fig. 3 , nucleotides 160 to 174) and had the consensus sequence Ϫ27 TGGCAC-N 5 -TTGCA Ϫ11. The 54 factor has also been found to be a transcriptional regulator of other type IV fimbrial-subunit genes, including the pilin genes of Moraxella spp. (20) , P. aeruginosa (51, 54) , and X. campestris pv. vesicatoria (39) . It is possible that RpoN is required for expression of the fimbrial-subunit gene. However, in contrast to some other type IV-producing bacteria, such as Neisseria meningitidis and M. bovis (51) , until now no antigenic or phase variation of fimbriae has been found in X. hyacinthi isolates. As only one fimbrial-subunit gene was found, the presence of antigenic variation is unlikely.
Expression of pCJO containing fimA in E. coli resulted in production of the 17-kDa subunit protein, confirming that transcription of fimA resulted in production of the X. hyacinthi fimbrial subunit. The E. coli K-12 strain used in this experiment does not produce type IV fimbriae although it possesses a number of chromosomal genes that are involved in exoprotein secretion or in the formation of type IV fimbriae (42) and can produce plasmid-encoded type IV pili (32) . There have been several reports describing proper expression of native type IV fimbriae of bacterial species, such as D. nodosus, M. bovis, and N. gonorrhoeae (4, 18, 25) , on the cell surface of P. aeruginosa and, recently, also in E. coli (48) . However, no native X. hyacinthi fimbriae seemed to be assembled or secreted to the (57) . The (incomplete) amino acid sequence of fimA of X. translucens pv. translucens LMG837 differed only at five amino acids, one of which lies in the region where primer JAAN is located in the corresponding DNA sequence. Surprisingly, X. translucens pv. hordei LMG737, which reacted with some of the antifimbrial monoclonal antibodies (57), was not recognized in the PCR. This might reflect the importance of the tertiary structure for immunological recognition. X. translucens pathovars and X. hyacinthi are pathogens of monocotylendonous plants; the GϩC contents of their DNA are almost identical and higher than those of the other Xanthomonas species and their pathovars (36, 58) . However, no cross-reactions with the other X. translucens pv. translucens isolates (Table 1) were found when they were probed in Southern blots with the labelled 226-bp fimA DNA fragment. This finding might reflect the existence of genetic variation among the X. translucens pv. translucens isolates.
To evaluate the use of fimbrial sequences for development of pathovar-specific PCR assays, X. campestris pv. vesicatoria was selected as its fimA sequence was available (39) and specific primers were designed. Only X. vesicatoria strains were detected with the primers developed, and isolates of X. axonopodis pv. vesicatoria were not detected. This showed that these Xanthomonas species, both of which infect tomatoes (50) , differed at least in the fimA nucleotide sequence and that the variability in the type IV fimbrial-subunit composition seemed to reflect the taxonomic differences (30, 31) . The sensitivity of PCR-mediated detection of X. campestris pv. vesicatoria NCPPB3240 under laboratory conditions was much higher than the sensitivity obtained with immunological methods (29) .
For detection of the first symptoms of yellow disease in hyacinth, amplified sensitivity combined with high specificity was observed during PCR-mediated detection performed with the variable part of the fimA gene as the target. With nested primers JAAN and JARA the sensitivity was approximately 5,000 CFU/ml, which is sufficient to monitor even the first stages of infection by X. hyacinthi. Under routine conditions, the detection limit in hyacinth leaf extract is close to 500,000 CFU/ml (57) . PCR detection of X. hyacinthi in leaves with symptoms was successfully conducted without prior DNA extraction and purification. The appeal of this PCR lies not only in more sensitive detection of yellow disease but also in confirmation of ELISA data and in large-scale screening of hyacinth tissue culture material to be used for propagation of (new) hyacinth cultivars, which should be absolutely free of yellow disease. Also, fast, sensitive, specific monitoring of hydrocultures of hyacinths and equipment used for handling, sorting, or rinsing hyacinth bulbs for the presence of this xanthomonad might be possible by applying the PCR assay to samples taken from these materials.
Most of the previously described methods for PCR-mediated detection of Xanthomonas pathovars are based on amplification of unknown sequences (23, 24, 33, 60) . Ribosomal sequences are frequently used but are not pathovar specific (36, 37) . Amplified sequences of Xanthomonas genes involved in the hypersensitive reaction and pathogenicity (hrp genes) are pathovar specific only after restriction fragment length polymorphism analysis of the amplicon (34) . A PCR based on a characterized DNA sequence such as the type IV fimbrial subunit has certain advantages. As shown for X. hyacinthi and X. vesicatoria, the variable C-terminal sequence of fimA might be unique for Xanthomonas at the pathovar level. The variation in the molecular masses of the fimbrial subunits in different Xanthomonas pathovars (56) supports this theory. As a general strategy for the development of a specific detection assay, the fimA sequence of a certain Xanthomonas pathovar could be determined and used to develop primers for a nested PCR. A similar PCR has been described for V. cholerae; in this PCR the nucleotide sequence of type IV fimbrial-subunit tcpA of V. cholerae is used (46) .
The type IV fimbriae of plant-pathogenic bacteria might be involved in several functions: the formation of microfilms on the leaf surface, attachment to stomates and hydathodes, and twitching motility. The type IV fimbriae of X. campestris pv. vesicatoria are associated with aggregation (39) . Recently, another type of fimbriae was found in Xanthomonas (38) . These hrp fimbriae, originally characterized in Pseudomonas syringae (44) , are excreted by the type III export system and are not related to type IV fimbriae.
In conclusion, a PCR assay which can be used for highly sensitive detection of yellow disease in hyacinth plants has been developed.
